Cell death is a fundamental biological phenomenon that is essential for the survival and development of an organism. Emerging evidence also indicates that cell death contributes to immune defense against infectious diseases. Pyroptosis is a form of inflammatory programmed cell death pathway activated by human and mouse caspase-1, human caspase-4 and caspase-5, or mouse caspase-11. These inflammatory caspases are used by the host to control bacterial, viral, fungal, or protozoan pathogens. Pyroptosis requires cleavage and activation of the pore-forming effector protein gasdermin D by inflammatory caspases. Physical rupture of the cell causes release of the pro-inflammatory cytokines IL-1β and IL-18, alarmins and endogenous dangerassociated molecular patterns, signifying the inflammatory potential of pyroptosis.
With the exception of caspase-12, all inflammatory caspases are activated within an inflammasome. [20] [21] [22] An inflammasome is a macromolecular protein complex composed of inflammasome-initiating sensors (NLRP1, NLRP3, NLRC4, AIM2, or pyrin) and inflammatory caspases, in the presence or absence of the inflammasome adapter protein ASC. 20, 23 Activation of inflammasome-associated inflammatory caspases drives cleavage of the pro-pyroptotic factor gasdermin D, [24] [25] [26] generating an N-terminal fragment that oligomerizes to form pores on the host cell membrane and cause the lytic demise of the cell. [27] [28] [29] [30] [31] The field of inflammatory caspases has somewhat been confounded by studies showing that previously generated caspase-1-deficient mouse lines also lack caspase-11. 32, 33 In 1995, two groups each generated a caspase-1-deficient mouse line (called "ICE −/− " or "Casp1
−/− ") using embryonic stem cells of the 129 background. 34, 35 It was later revealed that these mouse lines carry a 129-associated inactivating passenger mutation in the caspase-11 locus. 32 The close proximity of the caspase-1 and caspase-11 loci prevented segregation of these two proteins despite extensive backcrossing to the C57BL/6 background, essentially rendering these mice deficient in both caspase-1 and caspase-11. 32 In this review, we will refer previously generated "ICE −/− " or "Casp1
−/− " strains as Casp1
(also known as Casp1
Casp11 129mt/129mt ) mice. 32 Generation of new mutant mouse strains specifically lacking caspase-1 has been useful in propelling studies aiming to refine the biological functions of inflammatory caspases in health and disease. [36] [37] [38] Here, we provide an overview on the functions and mechanisms of inflammatory caspases and pyroptosis in host defense against pathogens.
| MOLECULAR BASIS OF PYROPTOSIS AND INFLAMMASOME ACTIVATION
Pyroptosis is regulated via a caspase-1-dependent or caspase-1-independent mechanism ( Figure 2 ). Caspase-1-independent pyroptosis is executed by human caspase-4, human caspase-5, or mouse caspase-11. 39 The morphological characteristics of caspase-1-dependent and caspase-1-independent pyroptosis are similar. Both are characterized by cell swelling, positivity for Annexin V and TUNEL staining, chromatin condensation and absence of DNA laddering. [40] [41] [42] [43] The mitochondria of pyroptotic cells also tend to lose membrane potential. 42, 44 The terminal event is represented by rupture of the cell membrane, causing release of cytoplasmic contents of the cell, including pro-inflammatory cytokines, endogenous ligands, alarmins, and other danger-associated molecular patterns. 34, 35, [45] [46] [47] [48] [49] [50] Both caspase-1-dependent and caspase-1-independent pyroptosis lead to the release of IL-1β and IL-18-inflammatory hallmarks associated with inflammasome activation. IL-1β is a potent inducer of inflammation, vasodilation, and immune cell extravasation, but also has roles in shaping adaptive immune responses. 51 
IL-18 promotes interferon (IFN)-γ production in T H 1 cells, NK cells and cytotoxic T cells, enhances
the development of T H 2 cells, and promotes local inflammation. 52 The F I G U R E 1 Programmed cell death pathways are regulated by different molecular components. (A and B) Apoptosis can be activated via intrinsic and extrinsic pathways. A, Intrinsic apoptosis requires BCL-2 homology domain 3 (BH3)-only proteins, which engages BAX and BAK activation. This leads to apoptosome assembly via APAF1 and caspase-9, resulting in the activation of the effectors caspase-3 and caspase-7, and apoptosis. B, Extrinsic apoptosis requires death receptors to induce dimerization of caspase-8 or caspase-10 through the adapter protein FADD. Active caspase-8 and caspase-10 cleave and activate caspase-3 and caspase-7, leading to apoptosis. (C and D) Pyroptosis can be induced via caspase-1, human caspase-4 and caspase-5, or mouse caspase-11. C, The inflammasome sensors NLRP3, AIM2 and Pyrin require the inflammasome adapter protein ASC in order to form a caspase-1-containing inflammasome complex. While caspase-1-dependent or caspase-1-independent pyroptosis are morphologically similar, there are notable differences. Caspase-1 is activated by inflammasome-initiating sensors on recognition of pathogen-associated molecular patterns or danger-associated molecular patterns ( Figure 2 ). This mode of activation is called canonical inflammasome activation. The mouse NLRP1b and rat NLRP1 inflammasome sensors are activated following their cleavage by a lethal factor released by the Gram-positive bacterium Bacillus anthracis. 55, 56 NLRP3 is activated by diverse pathogen-associated molecular patterns and danger-associated molecular patterns, [57] [58] [59] facilitated by the kinase NEK7. [60] [61] [62] NLRC4 is activated by NAIP proteins; a set of NLRs which bind directly to flagellin or the inner rod or needle proteins of the Type III secretion system of bacteria. [63] [64] [65] [66] [67] [68] [69] [70] [71] AIM2 is activated following direct binding to cytoplasmic dsDNA. [72] [73] [74] [75] Pyrin responds to bacterial toxin-induced modifications of Rho GTPases and requires microtubule assembly for its activation. [76] [77] [78] [79] [80] [81] [82] Ultimately, these inflammasome sensors initiate the assembly of a caspase-1-containing inflammasome, licensing caspase-1 to directly cleave the precursor cytokines pro-IL-1β
and pro-IL-18. [15] [16] [17] [83] [84] [85] [86] [87] Caspase-1-independent pyroptosis is activated by non-canonical activation of the inflammasome (Figure 2 
| GASDERMIN D AS A COMMON EXECUTOR OF PYROPTOSIS
All inflammasome-associated caspases directly cleave a 53-kDa substrate called gasdermin D. [24] [25] [26] Cleavage of gasdermin D by these caspases generates a 31-kDa N-terminal fragment which initiates pyroptosis and a 22-kDa C-terminal fragment which has unknown functions. 24, 25, 94 Further mechanistic studies revealed that the N-terminal fragment of gasdermin D associates with the inner leaflet of the cell membrane where it assembles into pores of 10-33 nm in diameter (Figure 2) . [24] [25] [26] [27] [28] [29] [30] [31] The N- 25 This finding suggests that other undefined caspase-1 substrates must also contribute to caspase-1-dependent pyroptosis. 25 It is noteworthy to highlight that other members of the gasdermin family can also induce cell death, including mouse gasdermin A3, human gasdermin A, human gasdermin B, human gasdermin C, and human and mouse DFNA5. 27, [96] [97] [98] Whether these proteins have a role in inflammasome signaling, pyroptosis or in host defense against pathogens remains to be determined.
| PHYSIOLOGICAL ROLES OF CASPASE-1 AND CASPASE-11 DURING BACTERIAL INFECTION
Inflammatory caspases protect the host against a variety of bacterial pathogens (Tables 1 and 2 ). Because previously generated caspase-1-deficient mouse lines also lack caspase-11, the relative contribution of caspase-1 and caspase-11 in mouse models of bacterial infection requires further investigation. In addition, activation of inflammatory caspases leads to pyroptosis and secretion of IL-1β and IL-18, both of these functions could provide protection against pathogens.
The differential contribution of inflammatory caspases and their substrates is best characterized in a murine model of salmonellosis.
Earlier studies found that both IL-1β and IL-18 were important for the control of oral S. Typhimurium infection in the intestine, while IL-18 also controlled the infection at systemic sites. 99 , 100 The importance of inflammatory caspases in driving protection against S. Typhimurium infection is supported by studies showing that Casp1 However, a similar number of bacteria was found between wildtype and Casp11 −/− mice. 102 These data would suggest that caspase-1, but not caspase-11, confers protection to S. Typhimurium infection. Moreover, caspase-11 is deleterious to the host in the absence of caspase-1.
A role for caspase-11 in Salmonella infection was revealed using a genetically engineered strain of S. Typhimurium (ΔsifA), which is unable to maintain integrity of the pathogen-containing vacuole and is susceptible to aberrant entry into the host cytoplasm. Caspase-11, but not canonical inflammasomes or IL-1β and IL-18, was shown to mediate clearance of S. Typhimurium ΔsifA in vivo. 104 Additional studies have found that caspase-11 is required for the secretion of IL-18 in the intestinal tissue in response to S. Typhimurium infection and for controlling bacterial numbers in the cecum. 92 The importance of pyroptosis could also be partially inferred by studies showing that S. Typhimurium lacking both of its flagellin genes, fliC and fljB, has reduced capacity to induce inflammation and is attenuated in vivo, possibly because of its lack of motility and/or impaired activation of the flagellin-sensing NLRC4-caspase-1 inflammasome or TLR5. [105] [106] [107] [108] A strain of S. Typhimurium which overexpresses flagellin due to lack of YdiV, the transcriptional repressor of the flagellinencoding gene fliC, causes excessive pyroptosis in macrophages. 109 This strain induces increased levels of IL-1β and TNF in the serum and fails to colonize the tissue in mice. 109 Pyroptosis releases intracellular bacteria residing within macrophages, including S. Typhimurium, Legionella pneumophila, and Burkholderia thailandensis. 110 These newly released bacteria can be phagocytosed and killed by neutrophils via a mechanism dependent on the production of reactive oxygen species but independent of IL-1β and IL-18. 110 Other studies have also reported that pyroptosis can clear bacterial infection even in the absence of IL-1 α, IL-1β, and 
Burkholderia pseudomallei
Reduced survival, increased bacterial burden in the spleen, lung and liver, decreased IL-1β, IL-18 and IFN-γ in BALF. 104, 189, 190 Burkholderia thailandensis
Reduced survival, 104, 115, 116 increased bacterial burden in the spleen, liver, and MLN. 116 Citrobacter rodentium Increased body weight loss, bacterial burden in feces, and adaptive immune responses, shorter colon length, elevated pro-inflammatory cytokines, decreased IL-18.
191

Chromobacterium violaceum
Reduced survival, increased bacterial burden in the liver and spleen, increased macroscopic lesions and extensive neutrophil infiltration in the liver. 115 
Ehrlichia (lxodes ovatus ehrlichia)
No difference in survival, but higher bacterial burden in the liver. 192 Francisella novicida Increased pathogen burden in the liver, lung and spleen, reduced survival and IL-18 production. 177, 178, 193 Francisella philomiragia No survival difference. 115 
Francisella tularemia
Reduced survival and increased bacterial burden in lungs. 194 
Legionella bozemanii
Increased bacterial burden in the lungs. 195 
Legionella gratiana
Increased bacterial burden in the lungs. 196 
Legionella micdadei
Legionella pneumophila
Increased bacterial burden in the lungs. 195, 196 Legionella rubrilucens Increased bacterial burden in the lungs. 195 Salmonella Typhimurium Increased pathogen burden in the liver, spleen, MLNs, and Peyer's patches, and reduced survival, IL-18 production and bacterial uptake by neutrophils, 99, [101] [102] [103] 197 increased bacterial burden in colonic mucosa but no significant difference of bacterial burden in the MLN and cecum, 111 decreased IL-1β and IL-18 in the cecal tissue. 92 
Shigella flexneri
Reduced survival and increased bacterial burden in the lungs.
198
Vibrio vulnificus Reduced survival.
199
Yersinia pestis Increased survival and decreased symptoms of respiratory distress. 200 
Yersinia pseudotuberculosis
No difference in survival with WT Yersinia but reduced survival and increased bacterial burden in the spleen with ΔYopM. 201, 202 LPS endotoxemia Increased survival, reduced IL-1β, and IL-18 production. 32, 35, 47, 99, 122, 203 Casp1 −/− (also known as Casp1 Null )
Francisella novicida
Reduced survival and IL-18 production.
175
Tg*
Legionella gratiana
Increased bacterial burden in the lungs.
196
Legionella pneumophila Increased bacterial burden in the lungs.
196,204
Salmonella Typhimurium Increased pathogen burden in the liver, spleen and MLNs and reduced bacterial uptake by neutrophils.
102
LPS endotoxemia No significant difference in survival, but reduced IL-1β and IL-18 production.
32
Casp11
−/−
Burkholderia pseudomallei
Reduced survival. 104 
Burkholderia thailandensis
Reduced survival, 104, 116 increased bacterial burden in the spleen, liver, and MLN. 116 
Legionella gratiana
No difference in bacterial burden in the lungs. 196 
Legionella pneumophila
Listeria monocytogenes
No difference in survival, pathogen burden in the blood, liver, and spleen. 205 Salmonella Typhimurium Increased pathogen burden in the cecum and lumen, 92 but not in the liver, spleen, and MLNs.
102
Reduced IL-18 production in the cecal tissue, 92 no significant difference in bacterial burden in the colonic mucosa.
111
LPS endotoxemia Increased survival, reduced IL-1β, and IL-18 production. These data collectively indicate that pyroptosis and inflammatory cell death is generally protective against bacterial infection. In some cases, excessive inflammasome activation or pyroptosis is detrimental to the host. Unchecked inflammasome activation can either drive immunopathology in response to infection by Pseudomonas aeruginosa 117, 118 or impair the generation of CD8 + T-cell-mediated immunity to Listeria monocytogenes. 119 
| CASPASE-4 AND CASPASE-IN BACTERIAL INFECTION
The caspase-11 homologs, human caspase-4 and caspase-5, also 
Bacillus anthracis
Reduced survival and decreased IL-1β in the serum. 207 
Listeria monocytogenes
Reduced survival, increased bacterial burden in the liver and spleen, decreased IL-18 and IFN-γ in the serum. 208 
Staphylococcus aureus
Reduced survival but no significant changes in bacterial burden. 209 
Streptococcus agalactiae (Group B Streptococcus)
Reduced survival and increased bacterial burden in the kidneys and blood. 210 
Streptococcus pneumonia
No difference in survival and in bacterial burdens in the lungs and blood. killing of the internalized pathogen in macrophages. 131 Caspase-1 activation also reduces cellular stiffness to prevent excessive uptake of S. Typhimurium in macrophages, allowing the cell to control bacterial burden autonomously. 132 A further study has shown that the catalytic activity of caspase-1 and caspase-11 is essential for dampening the intracellular growth of S. Typhimurium ΔsifA. 133 In response to infection by L. pneumophila, caspase-11 regulates actin polymerization via cofilin to promote fusion between the vacuole containing L. pneumophila and lysosomes. 125 The cell-autonomous functions of inflammatory caspases clearly expand their mechanistic repertoire beyond pyroptosis and cytokine production in anti-bacterial host defense.
| PHYSIOLOGICAL ROLES OF PYROPTOSIS IN VIRAL, FUNGAL, AND PROTOZOAN INFECTION
The ability of inflammasome sensors to recognize a wide array of pathogen-associated molecular patterns suggests that inflammatory caspases are crucial for host defense against pathogens from virtually all domains of life. For example, both DNA and RNA viruses can activate the inflammasome and induce pyroptosis. 134, 135 However, a deleterious role of pyroptosis in human immunodeficiency virus (HIV) infection has been reported. 214 West Nile virus Reduced survival. 142 during A. fumigatus infection is not known. It is possible that activation of caspase-11 might induce actin-mediated phagosomal killing in order to control A. fumigatus dissemination in vivo. 6, 125, 151 Caspase-1-dependent release of IL-18 induces production of IFN-γ, which might provide a priming signal for caspase-11 to control aspergillosis in vivo. 149 A recent study has suggested that in addition to LPS, caspase-11 recognizes host-derived oxidized phospholipids, a form of danger-associated molecular pattern that can induce IL-1β release in dendritic cells without triggering pyroptosis. 152 In addition to A. fumigatus, increased susceptibility of Casp1 −/− Casp11 −/− mice to the fungal pathogens Candida albicans
and Paracoccidioides brasiliensis, compared with wildtype mice has also been reported (Table 4) . [153] [154] [155] [156] In macrophages, pyroptosis induced by C. albicans requires the development of fungal hyphae and/or neutralization of the phagosome. 157, 158 However, the precise physiological role of pyroptosis in fungal infection has not been investigated.
The biological relevance of inflammatory caspases extends to studies on protozoan parasites, but the specific contribution of pyroptosis is unknown ( 
Plasmodium berghei
No difference in survival when infected with sporozoites or iRBCs and no difference in parasitemia level.
217,218
Toxoplasma gondii Reduced survival and decreased IL-1β and IL-18 in the serum. 161 
Trypanosoma cruzi
Reduced survival, higher parasitism in the heart, spleen and blood, higher heart injury, decreased IL-1β, 162, 163 decreased production of NO from splenocytes. 
Aspergillus fumigatus
Increased lung damage and hemorrhage, fungal dissemination, and reduced survival.
36,149
Candida albicans Reduced survival and increased fungal burden in the kidneys, diminished T H 1/T H 17 responses.
153-155
Paracoccidioides brasiliensis
Reduced survival, increased lung damage and hemorrhage, and fungal dissemination. The IFN-inducible network of proteins includes IFN-inducible GTPases, such as the 47-kDa immunity-related GTPases (IRGs) and the 65-kDa guanylate-binding proteins (GBPs). 165 GBPs rupture the pathogen-containing vacuole encasing Gram-negative bacteria, allowing the bacteria and their LPS to enter the cytoplasm for sensing by caspase-11 ( Figure 3) . [172] [173] [174] F I G U R E 3 Type I IFN signaling regulates pathogen-induced inflammasome activation and pyroptosis. LPS from Gram-negative bacteria is recognized by TLR4, inducing TRIF-dependent type I IFN production. Francisella novicida is a cytosolic bacterium which is recognized by the DNA sensor cGAS, inducing STING-dependent type I IFN production. RNA from influenza A virus triggers the RNA sensors TLR7 via the adapter MyD88 and RIG-I via the adapter MAVS, both inducing production of type I IFNs. The type I IFN signaling pathway is activated via the transcription factors STAT1, STAT2, and IRF9, leading to upregulation of caspase-11, IFN-inducible GTPases, including guanylate-binding proteins (GBPs) and Immunity-related GTPases (IRGs), and other IFN-inducible proteins including the sensor ZBP1. GBP2 ruptures the vacuole containing Gram-negative bacteria, mediating the liberation of LPS into the cytoplasm for recognition by caspase-11. IRGB10 further disrupts Gram-negative bacteria to increase LPS accessibility for detection by caspase-11. GBP2, GBP5, and IRGB10 directly target the bacterial membrane of cytosolic-dwelling F. novicida, exposing its DNA for sensing by AIM2. Activation of the caspase-11-NLRP3 inflammasome in response to Gram-negative bacteria and activation of the AIM2 inflammasome in response to F. novicida lead to pyroptosis via gasdermin D. ZBP1 recognizes proteins from the influenza A virus and induces pyroptosis, necroptosis, and apoptosis via RIPK3, FADD, and caspase-8 nucleoprotein and RNA polymerase subunit PB1, and mediates activation of the NLRP3 inflammasome, necroptosis, and apoptosis via the kinase RIPK3, caspase-8, and FADD. 146 These findings were recently confirmed by another group, 185, 186 providing further evidence to underscore the importance of the type I IFN-ZBP1 axis in driving influenza virus-induced cell death ( Figure 3 ).
In addition to type I IFN signaling, IFN-γ can prime caspase-11 expression and activation of the inflammasome in macrophages. 172, 178 A further study has shown that IFN-γ rather than type I IFNs is necessary to drive induction of caspase-11 responses in mice infected with B. thailandensis. 116 IFN-γ is partially required for the upregulation of caspase-11 protein in the colon tissue of mice during DSS-induced colitis. 187 These studies collectively highlight a role for both type I and type II IFN signaling pathways in the activation of inflammasomes and pyroptosis. 
| CONCLUSIONS AND FUTURE PERSPECTIVES
